Abstract The lake sturgeon is one of the largest North American freshwater fish and was once common in most inland rivers and lakes of the US and Canadian Midwest. World demand for caviar and sturgeon meat led to a dramatic decline of lake sturgeon populations throughout much of its range. Along with overfishing, lake sturgeon populations have been negatively affected by habitat degradation. Recruitment factors and early life history are poorly understood. Today, renewed interest in lake sturgeon restoration has led to numerous state and federally-funded research activities. Research has focused on identifying and assessing the size structure of remnant stocks, the availability of spawning habitat, and factors affecting reproductive success. Additional studies are needed to improve hatchery techniques, to better understand recruitment mechanisms, and how genetic diversity among and within meta-populations may affect long-term recovery of depleted populations.
Introduction
The lake sturgeon (Acipenser fulvescens, Acipenseridae) is a large, cartilaginous, benthic fish, endemic to larger mesotrophic and oligotrophic systems of the Central US, Great Lakes, and the Hudson Bay drainages of Canada. Its life history, characterized by long life span, late age-at-maturity, and protracted spawning periodicity, is unique among North America's freshwater fishes (Harkness and Dymond 1961; Scott and Crossman 1973; Becker 1983) . Although once abundant throughout their range, severe overfishing in the late 1800s and early 1900s decimated most populations (Auer 1999 (Auer , 2004 Bogue 2000) . Today, few healthy populations remain and many anthropogenic factors continue to hamper most conservation and restoration efforts (Noakes et al. 1999; Auer 2004; Wilson and McKinley 2004) . Among these factors, hydroelectric dams that obstruct upstream access to historic spawning grounds and degrade critical downstream habitats, are the most problematic (Auer 1996a; Wilson and McKinley 2004) . Currently, the lake sturgeon is listed as extirpated, endangered, threatened or of special concern in 12 states (Leonard et al. 2004; Holey and Trudeau 2005) .
The unique appearance and life history of the lake sturgeon has generated considerable interest among many fisheries scientists. Since 1989, five separate international symposia have focussed on the biology and management of lake sturgeons and other imperilled sturgeons. As many fisheries managers have become increasingly concerned with the conservation of endemic species in recent years, renewed interest in lake sturgeon has spurred several new research or restoration initiatives. Although these and many previous studies have improved our knowledge of lake sturgeon life history and population dynamics, the phylogeny of all sturgeon species, including that of lake sturgeon, remains unclear. In this paper, we describe several key taxonomic characters of lake sturgeon as they relate to sturgeon phylogeny. Furthermore, we synthesize existing studies of life history as well as current population status and management efforts.
Taxonomy and systematics
The oldest sturgeon fossils date back to the Upper Cretaceous; however, the earliest members of the group probably evolved in the Lower Jurasic approximately 200 million years ago (Bemis et al. 1997) . Although sturgeon phylogeny still remains somewhat uncertain, most taxonomists agree that Acipenseriformes is a monophyletic group, derived from the paleonisciform fishes (Bemis et al. 1997) . In recent years however, ichthyologists have developed conflicting theories regarding phylogenetic relationships within the group, particularly within the Acipenser genus. For example, Birstein et al. (2002) questions the monophyly of the group and claims that current members of the genus do not share a single synapomorphic molecular character, which suggests multiple evolutionary lineages. Findeis (1997) proposed a similar argument noting the absence of shared osteological characters within the genus. Regardless, investigators have noted an array of common morphological characters shared by all members of the genus including: a disconnected gill membrane attached at the isthmus; a small, downward-projecting transverse mouth; a long flattened snout that is either conical or narrow; a set of 4 cylindrical or fimbrated barbels; a palatoquadratum connecting the symplecticum; a stylohyale articulating with the posterior section of the symplecticum; a linear arrangement of the palatoquadratum and the upper part of the maxillae; and clustered basihyalia positioned along the median line of the rostrum. (Antoniu-Murgoci 1936a , b, 1942 .
Regardless of phylogenetic uncertainties, the sturgeon family (Acipenseridae) is comprised of 27 species distributed among four separate genera. The largest of these, Acipenser, contains 17 species, five of which are native to North America (Scott and Crossman 1973; Grande and Bemis 1996; Bemis and Kynard 1997; Findeis 1997) . Among Acipenser species, only the lake sturgeon completes its lifecycle entirely within freshwater. As such, its evolutionary history and relationship among other members of the genus has been of particular interest to many sturgeon researchers.
Ontogenetic changes in lake sturgeon morphology have prompted many early investigators to suggest that A. fulvescens is actually composed of several discrete species (Harkness and Dymond 1961; Priegel and Wirth 1971) . During the 19th and early 20th centuries, at least 17 different scientific names have been assigned to the various Acipenser populations of the Great Lakes, St. Lawrence River, and Central US (Scott and Crossman 1973) . By the 1950s however, ichthyologists had determined that these stocks all belonged to a single species. Following the rules of nomenclature, the oldest scientific designation, Acipenser fulvescens (Rafinesque 1817), has since been accepted as the official species name.
Morphology
General description 'The stud-like bones are most beautiful objects, being as hard or harder than ivory, with the outer surface indented and marked as though they had been carved by a Japanese artist. When set in silver, selected samples of these shackles form very beautiful ornaments for ladies' dresses, and I certainly would advise my lady readers who are always looking for something new and pretty to try the effect of sturgeon's shackles when worn as ornaments. ' -Frank Buckland (1883) , Natural History of British Fishes.
The physical appearance of lake sturgeon (Fig. 1) is similar to that of most other Acipenser species; and like all other members of the genus, they are easily recognized by several primitive morphological features that distinguish them from other North American fishes. Perhaps the most noticeable of these is the scaleless body, which is protected by five lateral rows of bony plates or scutes. The heavy-set body is spindle shaped, the greatest body depth occurring slightly anterior to the midsection. The origin of the anal fin is located posterior to that of the dorsal, its tip rarely extending beyond the caudal fulcrate plate. Other morphological features that distinguish lake sturgeon from other North American freshwater fishes include a heavily armoured skull, a spiral valve intestine, and a cellular swim bladder that retains some of the lung-like characteristics of early actinopterigeans (Harkness and Dymond 1961) .
Basic morphology of the lake sturgeon is similar to that of other Acipenserids. The elongated body in cross-section is pentagonal in young juvenile specimens but becomes progressively more rounded with age (Scott and Crossman 1973) . Dorsal, lateral, and ventral scute counts are typically 9-17, 29-42, and 7-12, respectively. Dorsal fin rays number 35-45; anal fin rays 25-30 (Vladykov and Greeley 1963; Scott and Crossman 1973) . The slightly upturned rostrum is disproportionately large in juveniles, often exceeding post-orbital distance in juveniles < 50 cm; however, this proportion is gradually reversed with age (Vladykov and Greeley 1963) .
The large, transverse mouth typically measures approximately 66-93% of the interorbital width (Vladykov and Greeley 1963) . The top lip is continuous; the bottom lip interrupted (Fig. 2) . Mouth shape and size in proportion to head width is most similar to that of shortnose sturgeon (A. breviostrum) (Vladykov and Greeley 1963; Hochleitner and Vecsei 2004) . As in the elasmobranches, the sturgeon jaw is detached from the skull, allowing the mouth to project downward during feeding . Lake sturgeon barbels are situated closer to the tip of the snout than to the origin of the mouth-an important diagnostic character distinguishing the species from acipenserids. Gill rakers are short and typically number 25-40 (Vladykov and Greeley 1963) . The thick-walled, gizzard-like stomach is connected to a spiral-valve intestine, a primitive alimentary arrangement shared by many Acipenserids adapted to a diet of benthic crustaceans and molluscs (Harkness and Dymond 1961) . Body armouring is extensive on juveniles but becomes progressively reduced with age (Priegel and Wirth 1971; Scott and Crossman 1973; Vecsei and Peterson 2004) . In juveniles < 100 cm, the laterodorsal and lateroventral surfaces are protected by a layer of tightly-spaced denticles evenly distributed between the five principal rows of scutes. Sharp, apical hooks are particularly prominent on the scutes of juveniles, but these gradually disappear with age until the scutes themselves are almost completely resorbed later in adulthood (Fig. 3) . In contrast, most anadromous sturgeons retain ossified scutes that continue to grow throughout their entire lifecycle. Hence, the process of scute resorbtion in adult lake sturgeon probably illustrates an important trade-off in the functional morphology of body armouring within the genus. In freshwater environments devoid of sharks and other large biting predators, the protective advantage of body amour diminishes with increasing body size, yet the energetic costs of overcoming frictional drag caused by the rough armoured surfaces increases exponentially. By adulthood, lake sturgeon have simply outgrown all potential aquatic predators and hence, their need for body armouring.
The skull of all acipenserids, including the lake sturgeon, is heavily armoured by a series of contiguous bony plates that are most apparent in juveniles and sub-adults (Fig. 4) . Variation and complexity in the ossification of the Acipenser skull roof has been noted by several researchers Fig. 3 Ontogenetic changes is body armouring of lake sturgeon (e.g. Jollie 1980); however, only the skull structure of shortnose sturgeon has been well studied (Hilton and Bemis 1999) . Although the lake sturgeon skull is comparatively less variable, Jollie (1980) noted considerable intraspecific and ontogenetic variation.
While the enodcranial elements of Acipenseridae may be useful in understanding some phylogenetic relationships within the group, they are generally too complex and variable for use in species identification. Fortunately, the number and arrangement of dermal plates on the dorsum and ventrum of the posterior trunk are much more species-specific and less subject to individual or ontogenetic variation. Although Vladykov and Greeley (1963) report that predorsal plates may be used for taxanomic identification, the postdorsal and preanal plates are most commonly used for this purpose. In lake sturgeon the postdorsal plates are typically seen as 1-2 unpaired elements (Vladykov and Greeley 1963; Peterson et al. 2003) ; however, the second predorsal may appear as a paired element in some individuals. The relatively large preanal plates always occur in single file and number 1-2 . These ossifications may be considered definitive in all cases except on very old individuals where they may be completely resorbed.
Body coloration of lake sturgeon is variable among stocks but is typically dark brown or dark gray dorsally with a similar but slightly lighter coloration on the lateral surfaces. The ventrum is typically white or cream-colored. Some individuals have gray or black pigmentation on the underside of the head, particularly on the lips and barbels (Harkness and Dymond 1961) . Rarely, adults may exhibit white or milky blotches or spots on the lateral body surfaces. The dorsal and lateral scutes are typically the same color as the surrounding skin, although rare specimens may have slightly lighter lateral scutes or dark pigmentation on the lateral surfaces of the ventral scutes.
Although lake sturgeon exhibit considerable morphological ontogeny, the changes in color pattern from early juvenile to adulthood are among the most pronounced (Vladykov and Greeley 1963; Priegel and Wirth 1971; Peterson et al. 2003 ). In juveniles < 30 cm, two large black saddles typically are present across the gray or brown dorsum and sides (Fig. 5) . Black speckling on the upper surfaces of the body also is common, often producing a 'peppered' appearance on the juveniles. Scutes and other dermal ossifications of juveniles are usually of the same color as the surrounding skin, but lateral scutes may sometimes be lighter (as in the adults). In 2-4 year old juveniles (>60 cm) the large saddle marks are lacking but the black speckling may persist into early adulthood.
Distribution and legal status
The current distribution of A. fulvescens includes three major North American drainages: the Mississippi, the Great Lakes, and the Hudson Bay (Priegel and Wirth 1971 listing was temporarily suspended in 1983, it was reinstated in 1998. Within the US, the species receives various levels of protection at the state level. Populations in Iowa, Indiana, Illinois, Ohio, Missouri, Pennsylvania, Tennessee, and Vermont are considered endangered while those in Nebraska, New York, and Michigan are listed as threatened (Johnson 1987; Auer 2004; Leonard et al. 2004 ). In Canada, lake sturgeons are listed as threatened in Alberta, Manitoba, New Brunswick, Newfoundland, Ontario, Quebec, and Saskatchewan (Freedman et al. 2001; TRAF-FIC North America 2002) .
Despite the many anthropogenic factors that have decimated most populations, a few healthy populations still exist. The largest of these is probably that of the St. Lawrence River near Montreal where commercial fisheries in the 1980s and 1990s produced sustained annual harvests of 15,000-30,000 fish (Fortin et al. 1993) . Recent studies by LaHaye et al. (1992) however, suggest that this population is actually comprised of at least three distinct stocks. In US waters, the largest remaining population is that of the Lake Winnebago System in central Wisconsin (Bruch 1999; Bruch and Binkowski 2002) where the species has been actively managed for the past 100 years. Recent studies by Thomas and Haas (2002) have shown that the largest remaining Great Lakes population is probably that of Lake St. Clair. All three of these populations support limited recreational fisheries, and some commercial fishing is permitted in both the St. Lawrence River and the Canadian waters of Lake St. Clair.
Life history and ecology
A first comprehensive summary of lake sturgeon life history was provided by Harkness and Dymond (1961) . More recently, studies of lake sturgeon biology and management have come from Wisconsin, where sizeable populations have been re-established through careful management, restoration of spawning habitat, and judicious stocking programs (Priegle 1973; Priegle and Wirth 1975; Thuemler 1985; Kempinger 1988; Larson 1988; Bruch 1999; Bruch and Binkowski 2002) . Many of these management efforts have been aided by recent investigations of new propagation and habitat restoration techniques (Ceskleba et al. 1985; Conte et al. 1988 ).
Spawning periodicity and fecundity Lake sturgeon life history is characterized by rapid growth during a protracted juvenile stage, with first spawning typically delayed until age 12-15 for males and 18-27 for females (Scott and Crossman 1973; Bruch 1999; Bruch et al. 2001) . Studies of lake sturgeon physiology have shown that this delay in maturation results from an unusually disproportionate allocation of energy to somatic growth during the juvenile years (Beamish et al. 1996; LeBreton and Beamish 2004) . This strategy has the evolutionary disadvantage of delaying reproduction, but it yields a compensatory advantage by providing both the time and energy needed to maximize size at first spawning. Because natural mortality is largely size-dependent, this reproductive strategy helps limit mortality to the earliest life stages, thereby increasing potential life span. As in other long-lived species, this strategy provides the adults with multiple reproductive opportunities spread over many years or even decades. In the absence of anthropogenic disturbance, this strategy conveys the selective advantage of minimizing any loss of fitness resulting from year-class failures in any one year when spawning conditions are poor (Crouse 1999) .
Large size at first spawning also provides the advantage of increased fecundity in lake sturgeon, which is among the highest of all freshwater species in North America (Harkness and Dymond 1961; Scott and Crossman 1973) . Although the number of eggs produced on a per-weight basis is variable, fecundity generally increases as a function of size with a typical adult female producing 49,000-667,000 eggs in each spawning year (Harkness and Dymond 1961; Priegel and Wirth 1971) . Like many other demersal broadcast spawners, lake sturgeons benefit from their high fecundity by essentially overwhelming potential predators with the sheer numbers of offspring they produce. Unlike other fishes of this reproductive guild however, lake sturgeon also rely on their high fecundity to help maximize reproductive output during years of favorable spawning conditions (Beamesderfer and Farr 1997) .
Although a large female lake sturgeon may spawn more than a million eggs in a single spawning season, the species' reproductive rate is inherently slow because of protracted spawning periodicity (Harkness and Dymond 1961) . Typically, females spawn only once every 4-9 years, males every 1-3 years (Roussow 1957; Magnin 1966; Fortin et al. 1996) . This low spawning frequency, coupled with a life span of up to 154 years (MacKay 1963) , typically results in spawning runs consisting of 20 or more age classes in unexploited populations. The complex age-structure of such populations helps buffer them against short-term environmental disturbances-an important key to the species' evolutionary success. Unfortunately, this inherent population resilience is quickly eroded when spawning adults are exposed to excessive harvest.
Spawning behavior
Lake sturgeons spawn in spring, usually from mid-April to early June; however, several researchers have noted that males typically arrive at the spawning grounds before females. On the Wolf and Fox rivers for example, Bruch and Binkowski (2002) observed males at several spawning sites 1-2 days before the females. Once females are present, spawning may begin as soon as water temperatures reach 10-15°C (Harkness and Dymond 1961; Kempinger 1988; Auer 1996b; Smith and King 2005) ; however, specific temperatures that trigger spawning are variable and depend on the ovarian cycles of individual females (Webb et al. 2001) .
Studies of courtship behavior in lake sturgeon are rare, but a few authors have noted that males often produce drumming sounds in the presence of gravid females Worth 1971, 1974; Bruch and Binkowski 2002) . During spawning, 2-8 males typically crowd individual females on each flank, frequently pounding her with their tales to stimulate egg release. These spawning bouts can be intense, but typically last only 1-2 minutes (Bruch and Binkowski 2002) . The process is repeated several times with different males maneuvering into the group during each subsequent bout until the female is spent. Although this behavior leaves most fish in poor post-spawning condition, Bruch and Binkowski (2002) suggest that this polygamous mating system may help guarantee the highest number of possible mates for both sexes while minimizing the energy expended in finding them.
During spawning, females scatter their adhesive eggs widely over gravel or cobble substrates in water depths of 0.1-2 m (Priegel and Wirth 1974; Becker 1983; LaHaye et al. 1992; Auer and Baker 2002; Bruch and Binkowski 2002) . Females usually complete spawning in 8-12 h, after which they leave the spawning area. Males however, may remain on the spawning site as long as a ripe female is present. Once all females have left a spawning site, males may move downstream until they find deeper water where they await the arrival of additional ripe females.
Successful spawning in lake sturgeon largely depends on the suitability of both flow and temperature regimes, but optimal spawning conditions may vary substantially among populations (Cooke et al. 2002; Jager et al. 2002) . For most populations, optimal spawning habitat is found in the high-gradient reaches of large rivers with current velocities of 0.5-1.3 m/sec and substrates of coarse gravel or cobble (Auer 1996a; McKineley et al. 1998 ); although, a few populations are known to spawn on rocky, wave-washed lake shores (Harkness and Dymond 1961; Carlson 1995) . Regardless of the specific spawning habitat chosen, no parental care is given, and the adults typically migrate back downstream as soon as spawning has concluded (Harness and Dymond 1961; Kempinger 1988).
Early life stages 'Although morphological changes are continuous, there are periods during which changes take place much more rapidly than at other times. Changes, especially marked during the period from one to two weeks after hatching, are almost in the nature of a metamorphosis.' - Harkness and Dymond (1961) in: The lake sturgeon Eggs Immature lake sturgeon eggs are yellowish and attached to a fatty ovarian mass without a covering membrane (Detlaf et al. 1993; Bruch et al. 2001) . The fully-developed eggs are olivegreen, grey or black and measure 2.6-3.5 mm (Bajkov 1930; Harkness and Dymond 1961; Priegel and Wirth 1974; Becker 1983) . Hatching of lake sturgeon eggs typically occurs after 8-14 days with rate of embryonic development depending on water temperature (Kempinger 1988) . Developmental studies by Wang et al. (1985) show that at 15°C, gastrulation occurs at 37 h, neurulation at 77.7 h, and heart formation at 118 h. Few studies have documented predation on lake sturgeon eggs; however, observations of Bruch and Binkowski (2002) suggest that male lake sturgeon may consume fertilized eggs while on the spawning grounds. Although directed studies are rare, lake sturgeon eggs are probably eaten by many fishes and invertebrates. In the Muskegon River of western Michigan, for example, stomachs from several brown trout (Salmo trutta) harvested in the recreational fishery were found to contain lake sturgeon eggs (P. Vecsei, personal observation).
Larvae
At hatching, the 9-11 mm yolk-sac larvae (or prolarvae) are poorly developed and many basic anatomical structures are barely discernable. The mouth is apparent only as an inward fold, the barbels as tiny stubs. At 17-18 mm however, both structures are well developed and clearly discernable. Other structures, including gills, fins, and lateral lines also develop late in the yolk-sac stage (Kempinger 1988 ). On live specimens < 15 mm, the contrast between the transparent body and dark or olive-grey yolk sac is evident; however, dead or preserved specimens appear uniformly light grey (Vecsei and Peterson, personal observation) . At 15 mm, the yolk-sac larvae develop dark pigmentation, which becomes most prominent along the lateral portion of the head and trunk. At this stage, a dark spiral valve and anal plug also become apparent (Wang et al. 1985) .
Newly hatched larvae are pelagic, negatively phototactic, and move about actively in search of suitable hiding places within the interstitial spaces of the rocky substrates where they were spawned (Harkness and Dymond 1961; Wang et al. 1985; Kempinger 1988 ). Within 13-19 days after hatching, the 17-18 mm larvae emerge from the substrate at night and rapidly disperse downstream, often drifting with the current for several kilometres before again settling on the river bottom (Kempinger 1988; LaHaye et al. 1992) . Although the exact timing of this downstream dispersal is somewhat variable, a minimum water temperature of 16°C seems to trigger this behavior (Smith and King 2005) .
The onset of exogenous feeding signals the transition from the prolarval to the larval stage. Kempinger (1988) noted that the anal plug is shed just prior to this transition when the larvae are about 22 mm. The post-yolk sac larva is easily identified by a prominent lateral band that extends the entire length of its body, including the caudal fin. The trunk is pigmented in its entirety but is darkest along this mid-lateral band. The larval stage continues for several weeks until the start of the juvenile stage at about 400 mm.
Juveniles
In lake sturgeon, the transition from the larval to juvenile stage is marked by the formation of all definitive adult structures except for the gonads, which remain undifferentiated for several years. The juvenile period is protracted and immature individuals may vary greatly in size and age. Like the adults, juveniles are thought to feed primarily on benthic invertebrates such as small crustacea, insect larvae, leeches, molluscs, and isopods (Harkness 1923; Wallus 1990; Chiasson et al. 1997) . Information on the movements and habitats of juvenile lake sturgeon is scant; however, available data suggest that yearlings may gather in large schools in shallow river mouths or adjacent bays during late summer and fall (Priegel and Wirth 1974; Becker 1983; Wallus 1990 ). After their first year, juveniles are found in the same habitats as the adults (Priegel and Wirth 1974) .
Adults

Age and growth
Adult lake sturgeons are among the largest of North American freshwater fishes. Adult males typically measure 100-185 cm and weigh 11-30 kg; adult females 130-215 cm and 25-100 kg. Although larger specimens are now rare, numerous specimens > 100 kg were reported in historical records of Great Lakes fisheries. The largest documented specimen, taken from Lake Michigan in 1943, measured 241 cm and weighed 141 kg (Van Oosten 1956) . Although lake sturgeon growth is quite variable even within a population, historical accounts suggest that average size tends to decrease in the southern portion of the range (Stearns and Atkinson 1953), presumably because water temperatures become too warm during summer months.
Age determination of most bony fishes is usually accomplished by counting inter-annual growth rings present in cross-sections of the sacular otoliths; however, this method is not preferred by most sturgeon researchers. Although the methodology is similar for sturgeons (Classen 1944; Currier 1951; Brennan and Cailliet 1991; Wilson 1987) , the marginal pectoral fin ray is used instead because it is easier to collect and its removal is non-lethal (Roussow 1957; Rossiter et al. 1995) . Typically, the annuli appear as widely separated bands in early years but these become increasingly crowded near the outer margins of the fin ray cross-sections. Hence, age determination in sturgeons becomes increasingly uncertain in older specimens (Keenlyne and Jenkins 1993) . Rossiter et al. (1995) found that this method was easiest and most accurate for lake sturgeon up to age-15; and while age estimates of much older fish are frequently published, numerous studies have questioned their accuracy (Brennan and Cailliet 1991; Rien and Beamesderfer 1994) .
Food habits and feeding
Lake sturgeons feed primarily on benthic invertebrates that they find using a combination of tactile, olfactory, chemosensory, and electrosensory receptors (Harkness and Dymond 1961; Binkowski and Doroshov 1985; Chiasson et al. 1997) . Feeding is accomplished as the animal swims along the bottom with its barbels in contact with the substrate. As prey items are detected, they are sucked in by a rapid extension of the protractible mouth (Priegel and Wirth 1974; Vecsei and Peterson 2004) . Inedible materials such as sand or silt, sucked are expelled through the mouth or gills, while food items are retained and crushed against the ridges of cartilaginous palate before being swallowed (Harkness and Dymond 1961; Priegel and Wirth 1974) . Although benthic macroinvertebrates are the most important prey consumed, lake sturgeon diet varies considerably both spatially and temporally (Chiasson et al. 1997; Beamish et al. 1998) . Prey items reported from lake sturgeon stomachs include leeches, snails, small clams, and small fishes, although when available, soft-bodied insect larvae may comprise up to 90% of the prey volume consumed (Bajkov 1930; Harkness 1923; Harkness and Dymond 1961; Priegel and Wirth 1974) . Lake sturgeons forage actively throughout the year; however, feeding may slow during winter in northern portions of the range (Priegel and Wirth 1974) .
Habits and movements
Habitat Lake sturgeons often migrate over great distances in search of food, suitable spawning habitat or simply to avoid seasonally unfavorable conditions (Auer 1996b; Bemis and Kynard 1997) . However, habitat selection depends on availability and the specific requirements of each life stage. Young juveniles for example, often use deep (>2 m) pools within their natal streams for feeding and over-wintering; whereas, adults typically inhabit deepwater habitats of large lakes. Although adult lake sturgeons are rarely observed in non-spawning habitats, several studies suggest that they prefer depths of < 9 m during cooler months but will readily move to much deeper water in summer (Harkness and Dymond 1961; Priegel and Wirth 1974) . Other studies suggest that these deep-water habitats may also be used for over wintering (Bajkov 1930) or to avoid disturbance from intense boat traffic (Engel 1990) .
Lake sturgeons can be found over a variety of substrate types, but prey abundance is undoubtedly an important factor in determining habitat selection (Harkness and Dymond 1961) . In shallow lakes such as Lake Winnebago, Wisconsin, where water depths are < 7m, lake sturgeons occupy all depths (Priegel and Wirth 1971; Lyons and Kempinger 1992) . In deeper lakes such as Black Lake, Michigan, however, adult fish are typically found at depths of 6-12 m (Hay-Chmielewski 1987). Although seasonal habitat selection in these inland systems is probably more influenced by water temperature, corroborative studies are lacking.
Migration Throughout their life cycle, lake sturgeons exhibit both random and non-random movements. Several studies have shown that most individuals move about randomly within an established home range of 10-14 km; however, some individuals seem to make longer unidirectional movements indicative of emigration (Harkness and Dymond 1961; Priegel and Wirth 1974; Larson 1988; Engel 1990) . Early tagging studies from Wisconsin suggested that individuals with established home ranges rarely leave these areas except to spawn (Harkness and Dymond 1961; Priegel and Wirth 1974) . Although lake sturgeons are known to migrate up to 200 km when returning to their natal streams, spawning-site fidelity in lake sturgeons has not been well studied, and the environmental cues that trigger and guide the fish during these migrations are unknown. Studies of imprinting in lake sturgeon have not been attempted, but many biologists believe that juveniles are able to recognize their natal stream within only a few months after hatching. Gerbilskiy (1957) and Bemis and Kynard (1997) characterized sturgeon spawning migrations as either a 'one-step' or 'two-step' pattern. Species exhibiting one-step migrations typically migrate in spring and spawn within a few days of reaching their natal spawning grounds. Those following the two-step migration pattern typically begin their migrations in fall but overwinter in deep pools before spawning in the subsequent spring. These two distinct migration patterns are not only exhibited by different sturgeon species, but also by different races or subpopulations (Bemis and Kynard 1997) . Within the Great Lakes, one-step migrations are well documented for most lake sturgeon populations including the Manistee (Peterson et al. 2002) , Muskegon ) and the Sturgeon (Auer 1996b) rivers. In Wisconsin tributaries of Lake Michigan however, Bruch and Binkowski (2002) found that both one-step and two-step migrations are typical of lake sturgeon populations spawning in the Fox and Wolf rivers. Regardless of which upstream migration pattern is used, adult lake sturgeon typically move rapidly downstream after spawning has concluded, eventually returning to a larger river or lake to replenish energy stores over the next several years before the next spawning cycle.
Mechanisms leading to declines
Commercial fisheries of the mid 19th Century dealt the first major blow to lake sturgeon populations throughout much of North America. Ironically, the species was widely regarded as 'nuisance bycatch' prior to 1860, and most individuals were either used as pig feed, fertilizer or were simply discarded (Tody 1974) . After 1860, the popularity and value of lake sturgeon grew rapidly once European demand for North American caviar exceeded the production from Atlantic sturgeon fisheries operating on the Delaware and Hudson rivers (Bogue 2000; Saffron 2002 ). The first dedicated commercial facility for processing lake sturgeon was established in 1868 by German immigrants (Bogue 2000) . Located on the shores of Lake Erie in Sandusky, Ohio, the new plant used the traditional European processing methods to establish and exploit lucrative markets for almost every part of the fish. The flesh was smoked or sold fresh and the roe processed into fine caviar. Even the swim bladder was used to produce isinglass, paint additives, and a number of other valuable commercial products (Priegel and Wirth 1971; Scott and Crossman 1973) .
Once new markets for lake sturgeon products had been established, targeted commercial fisheries grew rapidly. By 1925, lake sturgeon had become the most valuable commercial species in the Great Lakes, but by this time many stocks had already collapsed (Tody 1974) . By 1928, commercial harvest of lake sturgeons had been banned throughout the Great Lakes except for a limited fishery that has persisted in the Canadian waters of lakes St. Clair and Huron. The US ban on commercial fishing for lake sturgeon has remained in effect to the present, except for a limited re-opening of the fishery from in the Michigan waters of Lake Michigan.
The rapid boom and bust cycle of commercial lake sturgeon fisheries in the Great Lakes was typical of the many smaller inland fisheries operating in both the US and Canada (Harkness and Dymond 1961) . On the Mississippi River for example, commercial landings declined from 113,046 kg in 1894 to 55,842 kg in 1899-a decline of about 50% in only 5 years. By 1922, annual harvest had declined to only 3,178 kg; and by 1931, lake sturgeon had disappeared completely from the commercial catch (Carlander 1954) . A similar scenario unfolded in Canada where most inland populations suffered similar declines during the first decade of the 20th Century, although careful management and conservation have allowed a few limited fisheries to continue.
Management approaches
'Sturgeon: Unlawful to take from inland waters except with hook & line. Unlawful to take more than 50 in any one day or have more than 100 in possession at any one time'. -From the Michigan Fish & Game regulations, 1913 Restoration of lake sturgeon populations to selfsustaining levels is a common goal shared by many contemporary state and provincial management agencies. Towards this end, the species receives varying levels of protection and, in some instances directed management, depending on the biological status of the various populations and local public support. Most traditional management approaches focus on regulations that prohibit or severely limit harvest (Johnson 1987) .
Such programs are based on the assumption that reductions in fishing mortality will result in higher numbers of spawners, higher recruitment of juveniles, and ultimately, increased abundance of adults. However, several authors suggest that this approach alone is inadequate to recover lake sturgeon stocks that have been severely depressed by overfishing because of the species' low reproductive rate and also because spawning habitat for many populations has been either lost or degraded (Harkness and Dymond 1961; Priegel and Wirth 1975; Thuemler 1988) . Hence, some management agencies have developed comprehensive restoration plans based on a combination of management practices. Although regulations are typically included in these plans, habitat restoration, stocking, and public education are used increasingly to help expedite recovery.
Regardless of which management practices are chosen, successful restoration of lake sturgeon requires a long-term approach because the protracted reproductive cycle of the species requires that many juvenile and adult year classes be established before a population can become selfsustaining (Noakes et al. 1999) . Where populations have been extirpated, managers must first ensure that suitable habitat is still available and then develop innovative approaches to re-introduce and protect the stock as it is rebuilt over many years or even decades. Once established, populations must be carefully monitored and managed to prevent overharvest. Management of recreational lake sturgeon fisheries in both Wisconsin and Michigan has included size limits, bag limits, harvest caps, and closed seasons (Priegel 1973; Priegel and Wirth 1971 , 1975 , 1978 Baker 1980; Larson 1988; Bruch 1999) . Although these regulations may help stabilize extant populations, they have not yet proven to be effective at rebuilding depressed stocks (Becker 1983) .
Lake sturgeon management is perhaps more complex that that of other North America sturgeons because the species' native range spans several different states, provinces, and international boundary waters between the US and Canada (Williamson 2003) .
In Canada, lake sturgeons are protected and managed by the provinces under the Federal Fisheries Act (Houston 1987) . Alberta closed all commercial fisheries between 1940 and 1968 as did Manitoba in 1995 (Ferguson and Duckworth 1997) . In Saskatchewan, a moratorium has been enforced since 1996; however, small commercial fisheries still operate in the Ontario waters of Lake Huron, Lake Nipigon, Lake St. Clair, Namakan Lake, Rainy Lake, and the Seine River (Brousseau 1987) . From 1998 to 2000, the combined catch quota from these fisheries was 11,553 kg. In Quebec, a commercial gill net season was restricted to the period of June 14-October 31 to avoid harvest of ripe females. The annual catch quota since the mid 1990s has been approximately 150,000-200,000 kg with a total allowable catch of approximately 20,000-30,000 fish (Williamson 2003) . There are presently no commercial fisheries for lake sturgeon in U.S. waters, where individual states maintain jurisdiction over their respective stocks. The largest annual recreational harvest is on Lake Winnebago, Wisconsin, where approximately 1,000 fish are taken annually in a limited-harvest spear fishery (Folz and Meyers 1985; Bruch 1999 ).
Restoration
Because the success of the lake sturgeon's life history strategy depends on delayed maturation and infrequent spawning over a long life span, the species is particularly vulnerable to overfishing (Boreman 1997; Crouse 1999) . Although most populations are now protected, loss of habitat and degraded water quality continue to threaten many remaining stocks. In the Great Lakes for example, dams have been constructed on every known spawning tributary. Effective sturgeon fishways have been constructed on some low-head impoundments, and artificial spawning habitats have been successfully introduced in some rivers (Bruch 1998) . However, the lack of effective fish passage systems around hydropower facilities (and other high-relief dams) continues to fragment habitat and degrade water quality on many river systems (Baxter 1977; Jager et al. 2001) . Consequently, ongoing studies of fish passage structures specifically designed for lake sturgeon may hold the greatest promise for restoring populations where dams limit access to suitable spawning habitat.
Because many remnant sturgeon populations have not recovered despite decades of legal protections, the use of stocking to either reestablish or supplement existing stocks has become widespread. In recent years, lake sturgeons have been stocked as both fry and fingerlings in several states including Wisconsin, Missouri, Michigan, New York, Georgia, and Tennessee. Although recent studies have demonstrated the importance of using only native specimens in sturgeon stocking programs (Secor et al. 2002; Paragamin and Beamesderfer 2004) , lack of suitable brood stock has prompted new interest in alternative stocking strategies. Among the most promising of these is an experimental method known as 'head start', in which naturally-spawned lake sturgeon larvae are captured from the wild and then transferred to a protective hatchery environment where they can be reared for several months before release back into their natal streams. Because environmental conditions within the hatchery can be carefully controlled, first-year survival of these fry is typically much higher than in the wild. When used over many spawning seasons, this technique can dramatically amplify annual recruitment of naturally produced juveniles by artificially increasing critical-period survival. Unlike traditional stocking programs that typically rely on only a few wild adults to produce entire cohorts, the use of a head-start program can increase juvenile abundance while avoiding the potential problem of inbreeding depression. Although the new practice is not completely free of some artificial selection, the method may provide an important tool for restoration of depleted populations where at least some spawning still occurs. The first known use of the head-start method for lake sturgeon restoration occurred on the Black River, Michigan, in 2001 (D. Peterson, unpublished data) . Since the inception of this program, annual releases of head-start lake sturgeon fingerlings have helped restore lake sturgeon populations in the Black, Sturgeon, and Pigeon rivers of northern Michigan (http://www.michigandnr.com/fishstock/default.asp 2006).
Research direction
The available literature on the biology and life history of lake sturgeon seems comprehensive. However, the lake sturgeon has been extirpated from the southern portion of its range and is uncommon or rare in much of its remaining range. Numerous studies are currently underway to assess remaining populations as a first step toward restoration. While these studies will undoubtedly provide the scientific basis for future management, identification of limiting factors is currently the most critical research need. Accordingly, investigations focusing on recruitment mechanisms and ecological links between habitat requirements and successful reproduction of lake sturgeons are high priority. To ensure the success of current restoration efforts, additional studies are needed to address existing knowledge gaps regarding critical habitat requirements of the various life stages. This will be of particularly importance in regions where lake sturgeon populations are being reintroduced through stocking.
Outlook
The outlook for lake sturgeon recovery rangewide is guardedly optimistic, thanks in part to renewed interest in the species, novel approaches to management, new opportunities to eliminate long-standing data gaps, and continued progress in habitat restoration. Recent emphasis on maintaining biodiversity has prompted several new management initiatives to 'bring back the natives'. This has been especially true for large, charismatic species and has contributed to the renewed interest in enhancing or restoring lake sturgeon populations range-wide. As a result, many state and federal agencies have initiated or are planning to initiate lake sturgeon restoration programs.
Novel approaches such as 'sturgeon head start' and similar initiatives have increased recruitment success of naturally spawned lake sturgeon. In instances where natural reproduction is insufficient to support head start programs, stream-side rearing facilities are now being used to help ensure that juveniles produced for stocking are properly imprinted on their receiving waters prior to their release. Improved husbandry techniques such as converting hatchery-reared lake sturgeon to 100% commercial feed (Kornberg and Peterson 2005 ) also promises to help restoration efforts by increasing pre-and post-stocking growth and survival of such individuals.
The emerging application of conservation genetics techniques to fishery science also may improve artificial propagation programs. For example, mating protocols that manipulate parental crosses to maximize available genetic diversity have been developed and used for other species. The adoption of these approaches for artificial propagation of lake sturgeons will increase the effective population size in instances where brood stock is limited; and in turn, produce larger numbers of individuals for stocking than would have been available otherwise.
The increase in stocking programs to augment or re-establish lake sturgeon populations has provided new opportunities to study lake sturgeon in the wild. These new opportunities will provide data that were unavailable previously because lake sturgeon populations were limited in size or distribution. As a result, many known gaps in our knowledge about lake sturgeon biology, ecology, and life history could not be previously evaluated because of a scarcity of fish and the inability to study them in the wild. This limitation is being removed as an increasing number of populations are established throughout the species' range.
Finally, as state and federal regulations intended to protect the environment are enacted and enforced, there has been a gradual improvement in lake sturgeon habitat quality and quantity.
Though not yet available at historic levels, suitable habitat has increased, and with it the probability of success of the aforementioned restoration activities. Further, as increasing numbers of lake sturgeon populations are enhanced or restored and then studied, our understanding of how the species responds to habitat changes (positive and negative) should increase and allow for refinement of habitat mitigation and protection.
Clearly, the recent interest in lake sturgeon has helped the species and its long-term prospects for survival. Our guarded optimism, however, is not intended as an ''all clear'' regarding threats facing the species. Obviously, many threats still remain, and they will be diminished only by continued awareness of how anthropogenic activities affect lake sturgeon populations and continued efforts toward habitat preservation and restoration.
